Introduction {#sec1-1}
============

In modern linear accelerator (LINAC), high dose rate can be achieved in flattening filter free (FFF) x-ray photon beam \[ [@ref1] \]. The beam profiles of a FFF beam are not flat due to absence of flatting filter in the head of LINAC. Presence of flattening filter flattened the x-ray beam which otherwise peaked in forward direction and caused selective beam hardening by filtering soft component of x-ray photon beam \[ [@ref2] \]. On the other hand, x-ray energy spectrum of FFF beam is wider and such an unflattened beam is comprised of a reasonable amount of soft x-ray photons \[ [@ref3] \]. Many new LINACs have come up with dual mode having option to operate with or without flattening filter. Low and high energy x-ray photon beams are usually characterized by their attenuating properties and dosimetric properties, respectively \[ [@ref4] \]. When a FFF beam is made to pass through a high density intensity modifying compensator, it changes into a reasonable hard beam. Cyberknife (Accuray Inc, CA, USA), a robotic radiosurgery machine produces FFF beam in which fields are defined by circular collimator with diameter from 5 mm to 60 mm \[ [@ref5] \]. Even in modern radiotherapy, compensator alloys have been used frequently \[ [@ref6] \]. Linear attenuation coefficient of a material defines thickness profile of a compensator and has been usually measured in narrow beam geometry \[ [@ref7] \]. Cyberknife beams are expected to be narrow beam geometry because of smaller collimator aperture. Therefore, present study aims to investigate the beam geometry and changes in dosimetric properties of six megavoltage (6MV) FFF photon beam of Cyberknife in the presence of high density cadmium free compensator alloy. Cadmium free compensator, a mixture of lead (Pb), bismuth (Bi), tin (Sn) has been chosen for study. It has been used to deliver intensity modulated radiotherapy (IMRT) beam to treat cancer patients \[ [@ref8] \]. This mixture is dense enough to modify intensity of radiotherapy beam \[ [@ref9] \].

Material and Methods {#sec1-2}
====================

Sample Preparation {#sec2-1}
------------------

In this experimental study, compensator slabs of cadmium free alloy were prepared by certain known percentage with weight composition of Pb, Sn and Bi. A total of seven thicknesses ranging from 7.1 mm to 61.4 mm were prepared. The density of said alloy is 9.802 × 10^-3^ g/ mm^3^ and melting temperature is around 90-95^0^C. Circular field of 6MV unflattened photon beam from Robotic Cyberknife VSI linear accelerator has been made to attenuate through compensator alloy. As Cyberknife does not have any tray holder like conventional linear accelerator; therefore, a slab holder was prepared and placed at a distance of 620 mm from x-ray source. Compensator slabs were then placed on this slab holder in air and water phantom measurements. Cyberknife fixed collimator of aperture (A) diameter, including10 mm, 20 mm, 30 mm, 40 mm, 50 mm and 60 mm were taken for attenuation and depth dose measurements. Curve fitting of the transmission and depth dose data has been performed in origin software version 8.6.

Transmission {#sec2-2}
------------

The experimental setup for measurement of transmitted intensity of x-ray photon is as shown in [Figure 1](#JBPE-9-647-g001.tif){ref-type="fig"}.

![Experimental setup for in air transmission measurement.](JBPE-9-647-g001){#JBPE-9-647-g001.tif}

FFF x-ray beam of Cyberknife was made to pass through compensator and then transmitted photon intensity has been measured by the detector at SDD of 800 mm and at extended SDD of 1270 mm. In air, measurements have been made by the detector having 15mm buildup cap for charge particle equilibrium. Accumulated charge for 100 monitor units (MU) was noted by Max4000 dosimeter (Standard Imaging Inc, WI, USA) and CC-13 (IBA dosimetry, Germany) ion chamber whose effective volume is 0.125 cm^3^. Ion chamber was placed on central axis of circular beam for all measurements.

Percentage depth doses (PDDs) {#sec2-3}
-----------------------------

Percentage depth dose studies have been performed by radiation field analyzer (RFA300 from IBA dosimetry). Depth dose profiles have been taken up to 280 mm in water by PTW TN60008 (PTW Freiburg, Germany) field and reference diode chamber. PDDs have been measured for open as well as attenuated beam through the compensator alloy of different thicknesses and collimator aperture with source to surface distance (SSD) of 800 mm.

Results {#sec1-3}
=======

Transmission and scatter analysis {#sec3-1}
---------------------------------

Transmitted photon beam intensity 'I' of a mono energetic photon beam of intensity 'I~0~' through a compensator of thickness 't' is given by simple exponential attenuation relation:

$I = I_{0}e^{{-\mu}_{eff}{.t}}$ (1)

${Log\ I} = I_{0} - \frac{{-\mu}_{eff}{.t}}{2.303}$ (2)

Where, µ~eff~ is the linear attenuation coefficient and also depends on energy of incident photon and type of material of compensator \[ [@ref10] \]. In present study, high energy (6MV) x-ray photon beam has been considered as mono-energetic.

Variation of log I with thickness of compensator (t) at 800 mm SDD and 1270 mm SDD has been shown in [Figures 2 (a) and (b)](#JBPE-9-647-g002.tif){ref-type="fig"}. The peak photon beam intensity has been estimated from intercept of linear fitting of 'log I' versus't' graph. µ~eff~ has been predicted from slope of straight line graph. Experimentally measured peak intensity and peak intensity from graph have been tabulated in [Tables 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"} for SDD of 800 mm and 1270 mm SDD, respectively.

![a) Variation of transmitted intensity (I) with thickness of compensator alloy at different fixed collimator aperture (A) for 800 mm SDD. b) Variation of transmitted intensity (I) with thickness of compensator alloy at different fixed collimator aperture (A) for 1270 mm SDD.](JBPE-9-647-g002){#JBPE-9-647-g002.tif}

Beam hardening and surface dose {#sec3-2}
-------------------------------

A photon beam entering a phantom is affected by a number of factors, including inverse square law, phantom attenuation and scattering \[ [@ref15] \]. Finding these components separately is a very complex phenomenon. As photon beam enters in the phantom, PDD increases from surface to depth of dose maximum (d~max~) and beyond d~max~ PDD decreases with depth in phantom. In the presence of compensator change in surface dose, depth of dose maximum and PDD beyond d~max~ has been investigated.

[Figure 3](#JBPE-9-647-g003.tif){ref-type="fig"} shows changes in surface dose in the presence of compensator. It is evident from graph that surface dose decreases with the increase in thickness of compensator. It may be due to an increase in photon beam mean energy derived from filtration of soft component of FFF beam. PDD data for 60mm collimator opening in the presence of compensator has been presented in [Figure 4 (a)](#JBPE-9-647-g004.tif){ref-type="fig"}.

![Variation in Surface dose (D~s~) with thickness (t) of compensator alloy for different fixed collimator aperture (A).](JBPE-9-647-g003){#JBPE-9-647-g003.tif}

![a) PDDs showing beam hardening with different compensator thickness for A= 60 mm. b) Effect of scattering due to increasing collimator opening on PDDs with 7.1 mm compensator.](JBPE-9-647-g004){#JBPE-9-647-g004.tif}

Discussion {#sec1-4}
==========

Transmission and scatter analysis {#sec4-1}
---------------------------------

Data presented in [Tables 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"} show that I~0~ and I~0~' are comparable and therefore µ~eff~ obtained from linear fitting of data has been validated.

###### 

Variation of experimentally measured maximum intensity (I~0~), maximum intensity obtained from log I vs. t graph (I'~0~) and best fit parameter (R~2~) with collimator aperture (A) for 800 mm SDD.

  A (mm)   I~0~       I\'~0~     R~2~
  -------- ---------- ---------- ---------
  **10**   2.29E-09   2.49E-09   0.99676
  **20**   2.97E-09   3.16E-09   0.99739
  **30**   3.02E-09   3.20E-09   0.99766
  **40**   3.02E-09   3.20E-09   0.99789
  **50**   3.04E-09   3.21E-09   0.99786
  **60**   3.05E-09   3.21E-09   0.99813

###### 

Variation of experimentally measured maximum intensity (I~0~), maximum intensity obtained from log I vs. t graph (I'~0~) and best fit parameter (R~2~) with field sizes (D) for 1270 mm SDD.

  A (mm)   I~0~       I\'~0~     R~2~
  -------- ---------- ---------- ---------
  10       1.11E-09   1.17E-09   0.99387
  20       1.19E-09   1.28E-09   0.9957
  30       1.21E-09   1.28E-09   0.99621
  40       1.21E-09   1.29E-09   0.99621
  50       1.22E-09   1.29E-09   0.99613
  60       1.22E-09   1.29E-09   0.99613

Perusal of data presented in [Figure 2](#JBPE-9-647-g002.tif){ref-type="fig"} (a) and (b) show that the transmitted intensity is almost same for each collimator opening expect smallest field of 10mm diameter. Furthermore, slope (m) of each line is the same i.e. 0.18; therefore, linear attenuation coefficient is also the same i.e. µ~eff~ = 0.042 mm^-1^. From the slope, µ~eff~ has been calculated and tabulated in [Table 3](#T3){ref-type="table"}. Perusal of data presented in [Table 3](#T3){ref-type="table"} show that an increase in collimator opening does not change the value of µ~eff~. Arora et al. \[ [@ref11] \] showed that µ~eff~ decreases with the increase in collimator opening due to an increase in scattered photon; however, our experimentally measured µ~eff~ is nearly same with the increase in collimator opening. It may be due to narrow beam geometry of Cyberknife beam. Because a narrow beam geometry does not allow scattered photons to reach the detector. Moreover, the total scatter factor is nearly independent of collimator opening in an unflattened beam \[ [@ref12] \]. Circular beam from fixed collimator of Cyberknife unflattened beam is mainly composed of primary x-ray photons with fewer head scattered photons as compared to a flat beam \[ [@ref13] \].

###### 

Variation of linear attenuation coefficient (µ~eff~) obtained from slope of log I vs. t graph with collimator aperture (A) for 800 mm SDD and 1270 mm SDD.

  A (mm)   µ~eff~ (±0.00099 mm^-1^) measured at 800 mm SDD   µ~eff~ (±0.00014 mm^-1^) measured at 1270 mm SDD
  -------- ------------------------------------------------- --------------------------------------------------
  **10**   0.04273                                           0.04295
  **20**   0.04272                                           0.04214
  **30**   0.04307                                           0.04236
  **40**   0.04291                                           0.04236
  **50**   0.04215                                           0.04246
  **60**   0.04212                                           0.04246

Extended source to detector distance measurements tabulated in [Table 3](#T3){ref-type="table"} also shows that µ is unchanged even if compensator detector distance increases. It shows that scattered photons produced by compensator have not been reached the detector window. Results confirm that the scattered photons are very less and insignificant with the increase in collimator opening due to compensator scattering. In perfect narrow beam attenuation, the value of µ~eff~ is always independent of compensator detector distance \[ [@ref14] \]. µ~eff~ value measured in extended SDD measurement remains unchanged which indicates that the radiation beam geometry of Cyberknife is narrow beam geometry.

Beam hardening and surface dose {#sec4-2}
-------------------------------

Perusal of data presented in [Figure 4 (a)](#JBPE-9-647-g004.tif){ref-type="fig"} shows that d~max~ is shifted towards deeper side with the increase in compensator thickness. As compensator thickness increases from 7.1 mm to 61.4 mm, d~max~ shifts from 15 mm to 20 mm. It may be towing to beam hardening in the presence of compensator alloy. Cyberknife beam is the flattening filter free beam, thus its x-ray spectrum must contain a component of soft x-ray. For a constant SSD, field size (A), and depth in phantom (d), PDD beyond d~max~ rises because of increase in beam mean energy \[ [@ref15] \]. It is understood that beyond d~max~, PDD is rising with the increase in thickness of compensator (t). It may be due to the increase in photon beam mean energy showing the beam hardening effect. At a depth of 100mm and 200mm in water, 61.4mm compensator increases the PDD of 60mm beam diameter by approximately 5% and 6% respectively.

For a given value of depth (d), SSD and energy of photon beam (hυ), PDD is found to rise with the increase in field size because of the increase in scattered dose at point of measurement. This scattered dose accounts for collimator scattering and phantom scattering collectively. It is observed from [Figure 4 (b)](#JBPE-9-647-g004.tif){ref-type="fig"} that PDD is increasing with collimator opening; however, it is not very significant. Because of narrow beam geometry of Cyberknife beam amount of collimator scatter is lesser which will tend to contribute lesser scattered dose to PDD. It may be the phantom scatter which mainly contributes to increase in PDD with coliimator opening. A significant amount of scattered dose may be seen in other conventional linear accelerator having larger field opening \[ [@ref16] \].

Conclusion {#sec1-5}
==========

The compensator alloy studied is a good material to be used in radiotherapy for intensity modulation and as a compensating tissue. The measured data show that the radiation beam geometry of Cyberknife is near to narrow beam geometry. The measured dosimetric parameters characterize high-density cadmium free compensator for FFF narrow beam. Dosimetric parameters measured reveal that FFF beam contains reasonable soft component of x-ray filtered by high density compensator causing significant beam hardening. Photon beam derived from unflattened beam contains lesser scattered photons.
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